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C ardiovascular diseases are the main cause of mortality worldwide, and their impact is increasing. 1 Although age-specific cardiovascular mortality rates decreased in the past decades, the number of cases is increasing as a consequence of population growth and aging. 1 Hypertension is a major cause of cardiovascular diseases, and its treatment remains a challenge for modern medicine.
2 Blood pressure (BP) level is conditioned by genetic and environmental factors and follows cyclic patterns of various periods corresponding to days (circadian rhythm) and years (seasonal cycle). 3 These patterns are clinically important as they may interfere with the diagnosis of hypertension and may inform on a patient's cardiovascular status. In addition, cyclic patterns are likely to affect the actual cardiovascular risk that patients are exposed to.
Hypertension is very common in hemodialysis patients, in whom the prevalence often exceeds 90% at the moment of dialysis initiation. 4 In this population, BP level is closely monitored and adjusted mainly through the correction of volume overload and use of BP-lowering medications. Still, analyzing change in BP over a 4-year period, we observed a clear seasonal pattern with higher BP in winter and lower BP in summer. 5 This phenomenon was later confirmed in other studies across the world, but not all. [6] [7] [8] [9] [10] [11] The seasonal change in BP is correlated with several climatic parameters namely external temperature, humidity, rainfall, and daylight span, suggesting that BP level and seasonality would vary across locations with different climates. 5, 7, 12 There are supportive results from the general population, in whom geographical gradients in BP and hypertension were observed (higher BP in populations closer to the poles). 13, 14 Across independent samples from the general population across the world, BP seasonality was reported to follow a geographic trend. 15 However, it is not known whether such a geographic trend can be observed for within-patient BP seasonal change in hemodialysis patients. The presence of seasonal variations in this closely monitored population would confirm a strong influence of external factors on BP levels.
Abstract-Seasons and climate influence the regulation of blood pressure (BP) in the general population and in hemodialysis patients. It is unknown whether this phenomenon varies across the world. Our objective was to estimate BP seasonality in hemodialysis patients from different geographical locations. The objectives of our study were to assess seasonality (effect of season or climate exposure) and the influence of location (country or latitude) on pre-and postdialysis BP level in hemodialysis patients, as well as their interaction. We analyzed data from the DOPPS (Dialysis Outcomes and Practice Patterns Study) to answer these questions. The DOPPS is a longitudinal observational study designed to describe dialysis practice and patient characteristics and outcome across the world, using nationally representative samples of hemodialysis facilities and patients. 16, 17 The study of the European subset is the focus of a collaboration entitled EURODOPPS, between the DOPPS and the European Renal Association-European Dialysis and Transplant Association. EURODOPPS consists of longitudinal data from a large population of hemodialysis patients living in a wide geographical area with different climates.
Methods

Study Population
The DOPPS is an international prospective study of adult hemodialysis patients. This study considered prevalent hemodialysis patients (dialysis vintage ≥6 months) from 7 European countries (Spain, Italy, France, Belgium, Germany, United Kingdom, and Sweden) participating in DOPPS phases 3 and 4 (2005-2011) . Study approval was obtained by a central institutional review board and local ethics committees. Informed patient consent was obtained in accordance with local requirements.
An average of 30 patients were randomly enrolled from dialysis facilities treating ≥20 patients, randomly selected by strata of region and facility type (dialysis organization size, rural/urban, free standing/hospital based) according to the frequency of facilities within each stratum. An algorithm was developed to randomly select 20 to 40 prevalent patients by facility, depending on facility size. Replenishment strategies were used during follow-up: patients who died or departed the facility were replaced on the facility's anniversary of study start (DOPPS 3) or every 4 months (DOPPS 4) via random selection among new patients.
Case-mix details and comorbidities were collected at study entry. Every 4 months, laboratory values, BP, weight, dialysis prescription, and BP-lowering medications were extracted from patient records. Pre-and postdialysis systolic BP (SBP) and diastolic BP (DBP) were measured immediately before and after the dialysis session preferably in sitting position by trained professionals (nurses or nephrologists). BP measurement was performed according to local clinical practice. Intradialytic weight loss was calculated as the difference between observed pre-and postdialysis weights, expressed in percent of postdialysis weight. Although resampling of patients across phases could occur, populations or facilities from different phases were considered independent. We defined baseline as the first observation of initially sampled patients and replenishment patients from each facility and phase.
Geographical and Seasonal Exposures
Meteorologic records over the years 2005 to 2011 were obtained from the national weather institutes of Belgium, France, and United Kingdom, the Global Historical Climatology Network Monthly and Daily Databases, and the European Climate Assessment & Dataset of Monthly Indices. [18] [19] [20] [21] [22] [23] [24] [25] Monthly mean of daily minimum, maximum and mean outdoor temperature, monthly cumulative sunshine duration, and monthly cumulative rainfall (normalized by square root transformation) were available for all 7 countries. Monthly mean of daily mean humidity was available in Belgium, Germany, and Spain. Monthly mean of daily mean atmospheric pressure was available in Belgium, Germany, Spain, and Sweden. Monthly mean of daily maximum wind speed (normalized by logarithm transformation) was available in France, Germany, and Spain. Dialysis units were matched to the closest meteorologic station based on geographical coordinates, and climate records were matched to clinical observations based on the month of the year.
Geographical exposure of patients was defined as the country of the dialysis unit or the latitude of the matched meteorologic station. Latitudes are set to 0° at the equator and 90° at the poles. We considered an increase in latitude of 10° (ie, 1111 km to the North in the Northern Hemisphere) as the unit of change. Exposure to seasons was based on the month of observation as winter (December, January, and February), spring (March, April, and May), summer (June, July, and August), and autumn (September, October, and November).
Statistical Analysis
Our objective was to test the association of seasonality, location, and their interaction with pre-and postdialysis BP level. The data set consisted of repeated measures of BP nested within patients and dialysis facilities. We modeled BP level using mixed models with seasonality (season or climate), location (country or latitude), and their interaction seasonality×location as fixed effects. The hierarchical structure was accounted for by allowing random intercepts at the patient and facility levels. The DOPPS phase, time from the start of the phase, and the interactions time×phase, time×country, time×country×phase were included to control for differences in baseline BP level and longitudinal trends in BP (unadjusted model). The adjusted model additionally included baseline patient characteristics (age, sex, dialysis vintage, body mass index, smoking, and comorbidities) and baseline dialysis prescription (vascular access, blood flow, weekly hours of dialysis, and dialysate sodium) as fixed effects. Models of BP were not adjusted for diagnosis of hypertension and use of antihypertensive therapies at baseline. Indeed, we were interested in BP estimates irrespective of the prevalence of hypertension. Concerning antihypertensive therapies, although it would have been interesting to control for the BP-lowering effect, we observed that the number of medication types was in fact associated with higher BP (data not shown), highlighting selection bias rather than treatment effect.
Stratified analyses were performed to test the robustness of predialysis SBP results from the adjusted model in relevant subgroups (sex, age, baseline diagnosis of hypertension, number of BP-lowering therapies, dialysis duration and dialysate sodium concentration, mean SBP during follow-up, and tertiles of intradialytic weight loss and postdialysis body mass index).
Results are expressed as mean±SD, median and interquartile range, and estimates and 95% confidence intervals. An α level of 0.05 was used for all statistical tests, and all P values are 2-sided. Statistical analyses were performed using SAS 9.4 (SAS Institute, Cary, NC).
Results
The study included 9655 patients and over 50 000 observations ( Figure 1A ). The median follow-up was 1.3 (0.7-2.3) years, and there were an average of 5.4±2.5 observations per patient. Patients were dialyzed in 263 facilities corresponding to 121 meteorologic stations across 7 European countries ( Figure 1B) . Patients from different countries displayed differences in baseline characteristics, including predialysis and postdialysis BP (Table 1) . In mixed models, BP level was significantly associated with countries or latitude, in the way that patients from northern locations had higher pre-and postdialysis BP ( Figure 1C ). For each 10° increase in latitude, predialysis SBP and DBP increased by 5.1 mm Hg (95% confidence interval [CI], 3.7-6.4 mm Hg) and 1.7 mm Hg (95% CI, 0.8-2.6 mm Hg). Postdialysis SBP and DBP increased by 4.4 mm Hg (95% CI, 2.9-5.9 mm Hg) and 1.0 mm Hg (95% CI, 0.2-1.9 mm Hg) for each 10° increase in latitude. Adjusting on patients and dialysis characteristics did not affect results. In Germany, predialysis SBP was lower than expected based on its northern location (observed, 133 mm Hg; 95% CI, 131-135 mm Hg; estimated at a latitude of 51°, 139 mm Hg; 95% CI, 138-140 mm Hg).
Predialysis BP was significantly associated with seasons, whereas postdialysis BP was not (Figure 2A and 2B ). On average, predialysis SBP was 1.7 mm Hg (95% CI, 1.3-2.2 mm Hg) lower in summer compared with winter, and for predialysis DBP, the difference was of 0.8 mm Hg (95% CI, 0.5-1.0 mm Hg). The seasonal difference in predialysis SBP differed among countries ( Figure 2C ; P<0.001). The effect was the highest in Italy and lowest in Belgium, where it was null. The seasonal effect was attenuated in northern locations, as indicated by the significant interaction of season with latitude (Table 2; Figure 2C ). Results were similar after adjusting for patient and dialysis characteristics (Table S1 in the onlineonly Data Supplement).
All climate parameters varied with seasons and countries (Table S2) . Predialysis SBP was closely and inversely related to outdoor temperature with a lower effect in the north ( Figure 3 ; Table 2 ). Accounting for patient and dialysis characteristics, the average difference per 10°C was the greatest in the United Kingdom (−2.1 mm Hg), but taking into account the temperature range, the greatest difference was observed in Italy (−3.9 mm Hg for a change from the 10th to the 90th percentile; Figure 3 ). Results were similar with minimum and maximum outdoor temperatures (data not shown). Sunshine duration was similarly associated with lower predialysis SBP, although to a lower extent (Table 2 ). In contrast, we did not observe any association between postdialysis SBP and seasons, outdoor temperature or sunshine duration (data not shown), suggesting that the dialysis-induced modifications overcome any other influential factors of BP tested in the present study. Predialysis SBP was higher in humid periods and was not associated with atmospheric pressure ( Table 2) . The associations between predialysis SBP and wind speed or rainfall height were not consistent across locations (Table S1) . Results were globally similar with DBP (Table S1) .
In subgroup analyses, we observed that the rise in predialysis SBP from summer to winter was greater in female patients (Figure 4) . It was also greater in patients without hypertension, with lower mean follow-up SBP or at times where fewer BP-lowering drugs were prescribed (Figure 4) . The seasonal change was greater when larger intradialytic weight loss (≥2.5%) was reported. In contrast, longer dialysis sessions (>12 h/wk) were associated with smaller BP seasonality. The seasonal change was not apparently affected by age, body mass index, or dialysate sodium concentration.
Discussion
In a large population of European hemodialysis patients, we observed international differences in pre-and postdialysis BP, even when controlling for differences in patients and dialysis characteristics. Interestingly, we identified for the first time a North-South gradient of BP in hemodialysis patients with higher levels near the pole. Mean predialysis SBP was >10 mm Hg higher in the United Kingdom compared with Spain. The reasons for this are certainly multifactorial and probably include differences in environmental, genetic and cultural background, physical activity, and medical handling. Similar BP gradients are present in the general population, 14, 26 but it is surprising that it remained in hemodialysis patients whose BP is both closely monitored and strongly influenced by dialysis procedures. A clinical impact of geographical disparities of BP on public health is expected. In observational studies of hemodialysis patients, the risk of cardiovascular mortality is associated with both lower and higher BP level. [27] [28] [29] Low BP is a sign of cardiac dysfunction associated with short-term mortality. 4 In contrast, elevated BP is directly related to mortality and pharmacological BP reductions improve the cardiovascular risk. 30, 31 In the past years, in Germany, BP decreased while the use of antihypertensive therapies and polymedication increased. 32 This is in agreement with our results where a high frequency of antihypertensive medication was observed in German hemodialysis patients and likely explains their relatively low BP, in spite of the high prevalence of hypertension. In addition, longer dialysis sessions with lower sodium levels in the dialysate could also be involved in the lower BP observed in this population. The North-South gradients of BP and mortality could be blunted by public health policies. 33, 34 International studies on BP, including in hemodialysis patients, should account for differences in latitude because they might affect BP level and response.
In accordance with results from single-center studies and an international registry of hemodialysis patients, we confirmed at the individual level that predialysis BP was significantly lower in summer compared with winter. 5, 7, 10, 35 That these results were observed in patients whose BP is frequently monitored for a tight control suggests a considerable effect of seasonality, whether it is direct or mediated by other factors. For the first time, we reported that the magnitude of the seasonal effect varied between countries and with latitude in hemodialysis patients. Seasonality was less pronounced at the pole, in agreement with observations from the general population. 15 The magnitude of seasonal changes was around 2 mm Hg for predialysis SBP and 1 mm Hg for DBP. This is in line with methodologically comparable literature, 9, 35 whereas other studies reported peak-to-peak amplitudes up to 12 mm Hg. 5, 7 The size of the effect that we reported was probably blunted by the limited time frequency of data collection. In 59 hemodialysis patients, we observed that SBP varied by 6 to 9 mm Hg between extreme months (ie, May and November), whereas the estimate of seasonal change (from summer to winter) was 3 mm Hg (À. Argilés, unpublished data, 2017). Likewise, we can expect in the present study that mean change in SBP between Active  11  12  13  17  15  16  13   Former  33  28  31  20  29  20  33   Non Smoker  49  45  48  51  43  42  42   Unknown  7  15  8  12  13  22  12 Countries are ordered from South to North. Values are mean±SD, median (interquartile range) or percentages. All P values for differences between countries are <0.05. BMI indicates body mass index; BPL, blood pressure lowering; DBP, diastolic blood pressure; and SBP, systolic blood pressure. extreme months could be 2-or 3-fold higher than the reported seasonal change. Nonetheless, there were geographical disparities in seasonality, with average seasonal change in SBP ranging from 3 mm Hg in Italy to null in Belgium. This is not the first time that a lack of seasonality is reported. 11 This could be explained by a seasonal adjustment of BP medical handling or other factors.
Climate is expected to be responsible for seasonal patterns. With regards to BP, the influence of climate may occur through temperature-induced vasoconstriction and dilation, UV-related vitamin D synthesis, climate-or exercise-related perspiration, and changes in dietary and water intake. 14 We observed that increasing outdoor temperatures were consistently associated with lower predialysis BP. Low temperatures have a direct effect on vasoconstriction, whereas high temperatures trigger sweating to evacuate body heat. BP displays an acute response to ambient temperature (within minutes to hours), in addition to a persistent effect maintained over weeks. 36 This suggests that both indoor and outdoor temperatures could concomitantly affect BP level. Both temperatures are correlated, although in colder periods indoor temperature decreases less than outdoor temperatures. 37 Indoor and outdoor temperatures were shown to independently influence BP in the general population. 15 Although older, disabled patients are less likely to be directly exposed to outdoor temperatures, an indirect effect could be mediated by indoor temperatures. For the first time, we report in hemodialysis patients a greater effect of outdoor temperature on BP in southern locations. Longer sunshine duration was also associated with lower predialysis BP, although it is mainly the result of its tight link with outdoor temperature. In a warm and humid climate, a limitation of sweating occurs despite elevated body temperature, because of skin saturation in water. 38 Compared with dry conditions, a reduced sweating rate results in higher BP, more importantly in hemodialysis patients with limited urinary water output. This is consistent with the direct association between humidity and BP level that we observed in the present study and in a previous work. 12 Interestingly, we found that patients with greater intradialytic weight loss were more sensitive to seasons, supporting the view that overhydration allows a greater leeway to change. Nonetheless, hydrationindependent mechanisms should not be undermined as suggested by the simultaneous increase in extracellular water content and fluid overload and decrease in BP in summer recently reported. 35 Although the link between climate and BP has been established, the involved mechanisms remain unclear and are likely to be multiple.
The understanding and correction of BP seasonality is of utmost clinical value. On the one hand, seasonality may interfere with the assessment of midterm longitudinal trends in BP, hence improperly reflecting the efficacy of BP-lowering strategies. On the other hand, hemodialysis patients had excess mortality in winter, potentially related to the higher BP in winter. 9, 10, 30 In older individuals, a 3-mm Hg decrease in SBP is associated with a non-negligible 12% reduction in cardiovascular mortality. 39 In addition, BP variability itself is associated with cardiovascular morbimortality. 3 Given the high cardiovascular risk of dialyzed patients, a moderate effect on BP can represent a consequent gain in life-years overall. Seasonal variations in BP should be taken into account when adapting dialysis prescription, including dry body weight, and antihypertensive therapies. The physician may be prone to decrease the hypotensive actions in summer, avoiding an overcorrection of hypertension and be more stringent in high BP treatment in winter, when the natural tendency is to rise BP. Each line reports the results for the effect of Climate and Climate×Latitude on predialysis SBP level estimated from different models. Results were obtained from mixed models adjusting on latitude, baseline age, sex, dialysis vintage, body mass index, smoking, comorbidities, vascular access, blood flow, weekly hours of dialysis, and dialysate sodium. Climate estimates are given for a 1 SD increase at a latitude of 50°, Climate×Latitude estimates are given for both a 1 SD increase in climate effect and a 10° increase in latitude (1111 km North). Nonstatistically significant interactions were removed from models and indicated as not applicable (NA). CI indicates confidence interval; and SBP, systolic blood pressure. Our study has some limitations. Data collection was not specifically designed for the purpose, preventing to precisely estimate the magnitude of seasonal change. Despite a suboptimal design, we observed significant differences in BP across countries and seasons, which supports the importance of these factors. Still, the study was based on large nationally representative populations of European hemodialysis patients which warrants the validity of regional BP estimates and the robustness of geographical trends. Of note, these trends may not be maintained beyond temperate areas. 10 Second, the measurement of BP was not standardized but taken according to usual practice. Although this could affect observed international differences, it is unlikely to influence within-patient and within-center change in BP. Finally, the relevance of our results should not be minimized by the reported effect size, which does not reflect existing interindividual variability. Some patients may be insensitive to seasons, whereas others probably face important seasonal changes. For instance, BP seasonality was smaller in patients with elevated BP or receiving many BP-lowering therapies. Finally, although this study was performed in hemodialysis patients, there is strong evidence that results in the general population would be comparable.
14,15
Perspectives
For the first time, analyzing data from over 9500 patients, we showed that BP level was lower in hemodialysis patients living in southern European countries. This effect may be surprising given the fact that dialyzed patients are frequently hypertensive and that their BP is strongly influenced by medical procedures (dialysis, antihypertensive therapies). This is particularly relevant in the context of international comparisons of health status and outcome. The reasons for this remain to be confirmed, but differences in climate, diet, lifestyle, and medical strategies could be involved.
In addition, we confirmed the presence of BP seasonality in a large cohort of nationally representative samples and found that BP displayed greater seasonal changes in southern places. Seasonality was explained by climate and most importantly by outdoor temperature. For the same change in outdoor temperature, the change in SBP was greater in southern locations. Preventing the winter rise of BP could limit the excess winter mortality. BP seasonality should be taken into account by clinicians when defining BP goals and antihypertensive strategies. Estimates and 95% confidence interval (CI) for the change in SBP from summer to winter at a latitude of 50° obtained from mixed models adjusting for baseline patient and dialysis characteristics with the exception of the grouping variable. BMI indicates body mass index; BPL drug, blood pressure-lowering drug.
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